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We report on new developments in the field of large-scale structure analysis. In particular,
we present the KIGEN-approach, which allows for the first time for self-consistent phase-
space reconstructions from galaxy redshift data.
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1. Goal
What is the underlying nonlinear matter distribution and dynamics at any cosmic
time corresponding to a set of observed galaxies in redshift space?
To answer this question one needs to recover the primordial density fluctuations,
as an accurate reconstruction of the initial conditions encodes the full phase-space
information at any later cosmic time (given a particular structure formation model
and a set of cosmological parameters).
2. Methods
Previous pioneering attempts to recover the initial conditions have in most of the
cases either ignored the relative movement of structures due to gravitation (see
e. g. Refs. 30,19,17) or relied on linear theory (Refs. 25,18,21,5,26,4). Some nonlinear
attempts can be found in the literature (see e. g. Refs. 7,3,23,22,14,13). Other com-
plex approaches have solved the boundary problem of finding the initial positions
of a set of matter tracers governed by the Eulerian equation of motion and gravity
with the least action principle (see Refs. 1,24,27). A similar approach consists on
relating the observed positions of galaxies in a geometrical way to a homogeneous
distribution by minimizing a cost function (Refs. 2,6,20). All these approaches have
one fundamental aspect in common: they aim at finding a single optimal solution
to the initial conditions boundary problem.
However, once shell-crossing occurs, two matter tracers can have extremely
close positions, but very different peculiar motions and it becomes imposible to
know where the tracers came from in a unique way. Moreover, matter collapses
to compact objects, which did not exist in the past. Therefore, statistical forward
approaches have been introduced (see the KIGEN-code: Ref. 11,16 and other ap-
proaches: Refs. 10,29). In particular the KIGEN-code permits one for the first time
to deal with any kind of structure formation model in a probabilistic way and hereby
directly find the ensemble of primordial density fluctuations, which are compatible
with the data and such a model. The KIGEN method includes redshift-space dis-
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Fig. 1. Flowchart of the KIGEN-code based
on a Bayesian Networks Machine Learning ap-
proach. The primordial density fluctuations
(initial conditions) are obtained from itera-
tively sampling Gaussian fields, which lead to
cosmic structures compatible with the distri-
bution of galaxies given a particular structure
formation model. Starting from some initial
guess (steps 0-3) structure formation is simu-
lated foward (steps 4-5), observational effects
like redshift-space distortions caused by pecu-
liar motions (steps 6-7) and selection function
effects according to the magnitude limited sur-
vey (step 8) are taken into account and the re-
sulting mock observations (step 9) are matched
with the observations in a likelihood compari-
son process (steps 0-1). The results are used to
improve the initial conditions in the next iter-
ation.
tortions (coherent and virialised peculiar motions) in the likelihood comparison to
the observations. In this sense, it is also the first self-consistent phase-space recon-
struction method.
The flowchart of the KIGEN Bayesian Networks Machine Learning approach
is presented in Fig. 1. We note that the likelihood comparison can be used to
improve the initial conditions since we have the full information available about the
trajectories of the matter tracers from some starting high redshift until the redshift
of the observations.
The KIGEN-code has been tested with a semi-analytic halo-model based galaxy
mock catalog to demonstrate that the recovered initial conditions are closely unbi-
ased with respect to the actual ones from the corresponding N-body simulation (see
Ref. 11). It has also been applied to the recently released Two-Micron All-Sky Red-
shift Survey (2MRS: Ref. 9) to perform a cosmography analysis and determine the
proper motion of the Local Group finding a close agreement with the direction of
the Cosmic Microwave Background (CMB) dipole and explaining about 80 % of its
speed (see Fig. 2 and Ref. 16), and to search for the missing baryons in the warm hot
inter-galactic medium (see Ref. 28). A thorough analysis of the high performance of
the KIGEN-code and its robustness with constrained N-body simulations has also
been done (see Ref. 8).
3. Conclusions
We have presented the KIGEN-code: an approach to reconstruct the large-scale
structure in the nonlinear regime. We reported on a number of applications of
this method. Despite of the flexibility of the KIGEN method, sampling the joint
probability distribution function of cosmic density and peculiar velocity fields can-
not be massively done with full gravity solvers. Nevertheless, accurate and efficient
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Fig. 2. The above figure shows the sky projection of all galaxies in the 2MRS catalog (red dots)
at distances of 170 to 280 million light-years and their exquisite correlation with the mean over 25
reconstructed samples of the nonlinear cosmic web (grey scale) using the KIGEN code.
structure formation models have been recently developed based on augmenting La-
grangian perturbation theory (ALPT: Ref. 15) and their combination with statisti-
cal biasing descriptions leads to an accurate modeling of the halo distribution (see
PATCHY-code: Ref. 12). We anticipate a large number of applications based on
the approach presented here, ranging from baryon acoustic oscillations and redshift
space distortions reconstructions, over environmental studies of different galaxy
types, to topological studies of the large-scale structure and measurements of sec-
ondary anisotropy signals from the CMB.
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